Introduction
============

Gout is an inflammatory process initiated by tissue deposition of monosodium urate (MSU) crystals. A typical attack is an acute monoarthritis accompanied by the classical signs of inflammation. However, inflammation can occur in any tissue in which MSU is deposited, as typified by tophaceous gout and by urate nephropathy due to renal medullary deposition of MSU crystals. Uric acid, a weak acid with a pK of 5.7, is the normal product of purine metabolism in humans and in the plasma exists mainly in the form of urate. In the more acidic environment of the renal tubule, however, it is found mainly in the form of uric acid. At physiological pH, urate crystals form when the plasma solubility of uric acid is exceeded, whereas in the kidney tubule, uric acid crystals are formed when the saturation point of uric acid is exceeded. Hyperuricemia is the main factor that facilitates the formation of MSU crystals, although other factors (such as local temperature and trauma) may also play a role. Once formed, urate crystals are capable of provoking an inflammatory response from leukocytes and synovial cells to trigger the release of cytokines that amplify the local inflammatory reaction. This review will summarize recent progress in our understanding of uric acid metabolism in humans, in particular the role of renal transporters in regulating urate levels. The mechanisms through which MSU crystals cause inflammation have also been intensively studied and these insights are likely to affect our therapy of hyperuricemia and gout in the future.

Epidemiology of hyperuricemia and gout
======================================

Throughout the Western world, there is strong epidemiological evidence that the prevalence of gout and hyperuricemia is on the increase \[[@B1],[@B2]\]. Based on data from an American insurance database, Wallace and colleagues \[[@B3]\] estimated that between the 1990 and 1999, the prevalence of gout increased by 60% in those over 65 years of age and doubled in the population over 75 years of age. In a study based on UK general practice data, the prevalence of gout in the adult population was estimated to be 1.4%, with a peak of more than 7% in men over 75 years of age \[[@B1]\]. These figures suggest that gout is the most common form of inflammatory arthritis in adults and that it is on the increase. This trend not only was observed in Western populations but appears to affect developing countries in Asia \[[@B4],[@B5]\]. Indeed, a strong association between hyperuricemia and the metabolic syndrome (the constellation of insulin resistance, hypertension, obesity, and dyslipidemia) has been observed in these countries, similar to findings in the West. Potential explanations for these findings include lifestyle and dietary changes brought about by increasing prosperity and increased life expectancy and age of the population.

Uric acid metabolism
====================

Uric acid is the end result of the purine metabolic pathway and the product of the conversion of xanthine, by the action of xanthine oxidase, to uric acid. As uric acid is a weak acid, its main form in plasma is MSU, which has a maximum solubility of about 420 μmol/L (7 mg/dL). Normal plasma urate levels are between 200 and 410 μmol/L (3.3 to 6.9 mg/dL). Apart from higher primates, all mammals express uricase, an enzyme that converts uric acid to allantoin, and this explains why, in humans, urate levels are much higher than those of other mammals. The loss of a functional uricase gene in humans during evolution has been ascribed to the physiological advantages that higher levels of serum urate may have brought to hominid evolution, such as its potential effect on increasing blood pressure, its anti-oxidant properties, and its immunostimulatory properties \[[@B6]\].

The relationship between hyperuricemia, hypertension, and the metabolic syndrome has long been debated. Are the conditions different manifestations of a common underlying metabolic disorder? Is hyperuricemia in part responsible for hypertension? Recent evidence from animal studies and epidemiology would suggest that hyperuricemia has a primary role in both hypertension and the metabolic syndrome. Rats that were made hyperuricemic rapidly developed hypertension through activation of the renin-angiontensin system, induction of endothelial dysfunction, and vascular smooth muscle proliferation. Lowering uric acid in these animals prevented this effect \[[@B7]\]. In a longitudinal study in children, there was a strong correlation between hyperuricemia and the subsequent development of hypertension \[[@B8]\]. Recent epidemiological data suggest also that hyperuricemia is an independent risk factor for developing hypertension. In a group of subjects who did not have the metabolic syndrome, normotensive men with baseline hyperuricemia had an 80% excess risk for developing hypertension compared with those who did not have hyperuricemia \[[@B9]\]. Finally, the degree of hyperuricemia is strongly correlated with the prevalence of the metabolic syndrome \[[@B5],[@B10]\] and it has been suggested that excessive consumption of fructose may be the link between these two conditions \[[@B11]\].

Renal transporters of uric acid
===============================

About 90% of the daily load of urate filtered by the kidney is reabsorbed and this process is mediated by specific transporters. The major transporter is urate transporter-1 (URAT-1), a urate-anion exchanger localized on the luminal side of the proximal renal tubule. URAT-1 is part of the family of organic anion transporters and is the major mechanism for reabsorbtion of urate in the human kidney. Mutations of the URAT-1 gene give rise to hereditary renal hypouricemia, and URAT-1 transport of uric acid is inhibited by drugs such as benzbromarone and probenicid, explaining their uricosuric effect \[[@B12]\]. Other transporters that have been found to mediate urate excretion include NPT1 and MRP4, although their precise contribution to uric acid balance *in vivo*has yet to be established \[[@B13]\].

Genetics of hyperuricemia
=========================

The well-known monogenic causes of hyperuricemia, such as HGPRT (hypoxanthine-guanine phosphoribosyl transferase) deficiency and PRPP (phosphoribosylpyrophosphate) synthetase overactivity, account for but a small fraction of cases of hyperuricemia and gout. With the advent of large-scale genomics, genes that influence serum urate level in the general population are being discovered. To date, little is known about the genetic polymorphism of the urate transporters and whether they may contribute to hyperuricemia and gout. Two recent studies have suggested that polymorphisms or mutations of the URAT-1 gene are associated with hyperuricemia and gout \[[@B14],[@B15]\]. Using a whole-genome approach to study the genetic influences on hyperuricemia, polymorphisms around the GLUT9 gene (*SLC2A9*) on chromosome 4p16 were highly significantly linked with hyperuricemia and gout in several studies \[[@B16]-[@B18]\]. Variations in the gene were estimated to account for between 1.5% and 5% of the population variance of serum uric acid concentration, with a higher value observed in females than males. GLUT9 was first identified as a glucose and fructose transporter that is expressed in the kidney and in leukocytes, but its precise role in urate metabolism remains to be defined. In *in vitro*studies, GLUT9 is a potent uric acid transporter and its renal expression suggests that it has a role in regulating renal urate excretion. A more targeted genetic approach has also been adopted to study genetic influences in subjects with hyperuricemia and gout. In a Taiwanese family study involving 64 pedigrees, genetic markers in the region of chromosome 1q21 segregated with hyperuricemia and gout \[[@B19]\]. As mentioned already, mutations in the URAT-1 gene have been linked to primary gout, and in a Mexican study, a surprisingly high proportion of patients (23%) were found to carry mutations in the URAT-1 gene \[[@B15]\].

How do monosodium urate crystals cause inflammation?
====================================================

The mechanisms by which MSU crystals elicit an inflammatory response in joints have begun to be unraveled. It has long been known that MSU crystals evoke an inflammatory infiltrate rich in neutrophils when injected into the peritoneum or in the air pouch in animal models. The capacity of MSU crystals to stimulate monocyte/macrophages and synoviocytes to release IL-1β was recognized more than 20 years ago \[[@B20]\]. Recently, Liu-Bryan and colleagues \[[@B21]\] and Scott and colleagues \[[@B22]\] analyzed the molecular interactions that mediate this effect and showed that the innate immune system plays a pivotal role. The innate immune system, as distinct from the adaptive immune system of T and B cells, comprises a range of receptors and soluble proteins that detect pathogens as well as cellular products released by damaged or dying cells through pattern recognition motifs. Binding to these innate immune receptors leads to cell activation, typically of phagocytic cells, as well as the release of cytokines and chemokines that orchestrate the initial inflammatory response. One family of innate immune receptors is that of the Toll-like receptors (TLRs). These molecules are transmembrane receptors that, on binding to extracellular ligands, trigger cellular activation and proliferation. Their roles in the recognition of pathogens and their intracellular signalling pathways have been studied in detail \[[@B23]\]. Murine bone marrow-derived macrophages that lack either TLR-2 or TLR-4 showed a reduced phagocytic capacity for MSU crystals, and the release of pro-inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor-alpha by these cells was also diminished \[[@B21]\]. However, the role of TLRs may not be as critical in other cell types exposed to MSU crystals given that, in the peritoneal inflammation model, TLR-deficient mice did not show a major phenotype \[[@B24]\]. The second component is CD14, a pattern recognition molecule found on the cell surface and in the circulation which serves to amplify the cellular response triggered by TLR-2 and TLR-4 ligands such as lipopolysaccharide \[[@B25]\]. Mice that lack CD14 mounted no neutrophil response and produced significantly reduced amounts of IL-1β when MSU crystals were injected into an air pouch, although there was no reduction in their capacity to phagocytose crystals \[[@B22]\]. These experiments indicated that innate immune receptors and their associated signalling machinery are needed for MSU crystals to elicit an inflammatory response (Figure [1](#F1){ref-type="fig"}).

![Monosodium urate (MSU) crystals activate monocytes via the Toll-like receptor (TLR) pathway and the inflammasome. Binding to TLR and CD14 promotes phagocytosis and cell activation through MYD88-dependent signalling mechanisms. In the cytosol, MSU crystals induce the formation of the NALP-3 (NACHT, LRR, and pyrin domain-containing-3) inflammasome and lead to caspase-1 processing of pro-IL-1β. Activation of the endothelium by IL-1β increases trafficking of neutrophils to the inflammatory site. ASC, apoptosis-associated speck-like protein containing a caspase-associated recruitment domain; IL, interleukin; NF-κB, nuclear factor-kappa-B.](ar2509-1){#F1}

Interleukin-1β and the inflammasome
===================================

A recent discovery that has major implications in the pathogenesis and therapy of gout is the demonstration that MSU crystals are capable of triggering IL-1β release by its interaction with a cytoplasmic complex called the \'inflammasome\'. IL-1β is released extracellularly after enzymatic processing of its precursor molecule pro-IL-1 by caspase-1 (or ICE, interleukin-converting enzyme). The activity of caspase-1 is itself tightly regulated and requires the formation of homodimeric complexes of pro-caspase-1 in the presence of the cytoplasmic protein ASC (apoptosis-associated speck-like protein containing a caspase-associated recruitment domain \[CARD\]) and a protein of the NLR (Nod/NACHT-LRR domains) family. Because of its ability to initiate IL-1β processing and secretion, this molecular complex has been named the inflammasome. A number of different inflammasomes of differing compositions have been described \[[@B26]\]. One such NLR protein is NALP-3 (NACHT, LRR, and pyrin domain-containing-3), hence the NALP-3 inflammasome. NALP-3 is also termed cryopyrin as this protein is mutated in patients with hereditary autoinflammatory syndromes. This group of illnesses includes familial cold urticaria, Muckle-Wells syndrome, and CINCA (chronic infantile neurologic, cutaneous, and articular) and represents a continuum of clinical manifestations of inflammation in the skin, joint, and central nervous system. The identification of the NALP-3 mutations as well as the demonstration that, in patients with Muckle-Wells syndrome, IL-1β is produced spontaneously by monocytes point to IL-1 as a potential pathogenic molecule in this group of diseases \[[@B27]\]. This was confirmed in open clinical trials in which anakinra, an IL-1 inhibitor, had a rapid and dramatic effect on the symptoms and signs of inflammation \[[@B28]\]. When MSU crystals were added to monocytes in culture, both IL-1β and caspase-1 were released into the supernatant, but this effect was completely suppressed in cells obtained from mice that had mutations in the ASC, NALP-3, or caspase-1 genes. Furthermore, in a murine model of gout in which MSU crystals were directly injected into the peritoneal cavity to elicit an inflammatory response, neutrophil influx was significantly reduced in ASC-deficient mice compared with wild-type mice \[[@B29]\]. Finally, mice that lacked IL-1R expression on non-bone marrow-derived cells were also protected from the inflammatory effects of MSU \[[@B24]\], suggesting that the pro-inflammatory effects of IL-1 require mesenchymal cells such as the endothelium to respond to this cytokine. Together, these findings strongly suggest that IL-1 is a pivotal mediator of inflammation in acute gout. Based on these results, an open clinical study was performed to assess whether the IL-1RA anakinra had a clinical effect in acute gout. In a small study of 10 patients, all patients responded rapidly and positively to three daily injections of anakinra \[[@B30]\]. These findings suggest that IL-1β is a target for treatment in acute gout which could complement existing therapies.

Imaging in gout
===============

Traditionally, radiology has not been of primary importance in the diagnosis of gout as the appearance of erosions is a late-stage finding. However, our therapeutic approach to hyperuricemia and gout could be modified if gouty tophi can be recognized earlier on in the disease. Gerster and colleagues \[[@B31]\] first described the characteristic appearances of gouty tophi visualized by computed tomography (CT), which on conventional radiology are not well seen at all. These tophaceous deposits were observed in the capsule, the synovium, as well as on articular cartilage and had a mean density of around 160 Hounsfield units. The size and volume of gouty erosions have also been quantified using CT \[[@B32]\], a technique that may prove to be useful in evaluating long-term treatment outcomes of hypouricemic drugs. The role of magnetic resonance imaging (MRI) and ultrasound imaging in gout has also been investigated. Both modalities were able to detect tophaceous deposits, although they do not appear to be as specific as CT \[[@B33]\]. As ultrasound is a relatively simple technique that can be used repeatedly with little risk, there is growing interest in its use to detect and measure gouty tophi in the hope that this will provide an objective assessment of tophus size and its change during treatment. Investigators have reported that intra-articular gouty deposits have a characteristic ultrasonographic appearance, distinguishable from that of pyrophosphate arthropathy \[[@B34],[@B35]\]. In longer term studies, ultrasound also appeared to be sensitive to change of tophus size and correlated well with MRI imaging \[[@B36]\]. The clinical usefulness of ultrasonography in the diagnosis and management of gout, however, will need to be established in prospective long-term studies.

Advances in therapy of hyperuricemia and gout
=============================================

The treatment of hyperuricemia and gout remains a challenge even though we appear to have a number of effective drugs. Many clinicians recognize that our existing treatment choices are often limited in the routine clinical setting. Allopurinol, the most commonly used drug to treat hyperuricemia, can provoke severe allergic-type reactions (for example, Steven-Johnsons syndrome and toxic epidermolysis) and needs to be used with caution in renal failure. Fortunately, the incidence of these rare reactions is low, but skin rashes are frequently reported. A recent report from Taiwan indicated that severe skin reactions may have a genetic determinant located in the major histocompatibility complex \[[@B37]\]. One hundred percent of patients with severe reactions possessed the class I antigen HLA B58, whereas in the control population, the frequency of the antigen was 15% \[[@B37]\]. Benzbromarone, a very effective uricosuric drug, was recently withdrawn from general distribution because of a number of cases of hepatic failure associated with its use. Other hypouricemic drugs are therefore needed. Recently, a new xanthine oxidase inhibitor, febuxostat, underwent clinical trials and was shown to be as effective as allopurinol in reducing hyperuricemia \[[@B38],[@B39]\]. Febuxostat, unlike allopurinol, is not a purine analog and does not cross-react with allopurinol. In clinical trials, when administered at a daily dose of either 80 or 120 mg, it was more effective than a 300-mg daily dose of allopurinol in achieving the target value of uricemia (less than 6 mg/dL or less than 360 μmol/L), a target that has been recommended in treatment guidelines for gout and hyperuricemia \[[@B40]\]. The side effect profile did not show major signals. After 1 year of treatment, it was as effective as allopurinol in controlling gout flares. However, the use of febuxostat was associated with a higher frequency of gout flares in the first 6 months of therapy (when compared with allopurinol) and highlights the importance of prescribing an effective prophylactic therapy to prevent gout flares at the initiation of any hypouricemic therapy. As of this writing, febuxostat has been approved for prescription in the European Union in the treatment of gout and still awaits approval by the US Food and Drug Administration. An alternative approach to reduce hyperuricemia is the use of uricase, which breaks uric acid down to allantoin, either in the form of rasburicase or in a PEGylated form. Both forms of uricase reduced serum urate levels rapidly in clinical trials \[[@B41]-[@B44]\], but the need for parenteral administration and the development of anti-uricase antibodies (at least in the case of rasburicase) would probably limit its use to selected cases in clinical practice.

Both febuxostat and uricase increase the range of treatment options available to patients who are intolerant to allopurinol and uricosuric agents. The other major therapeutic target is the inflammatory sequelae of gout. Our current choices include nonsteroidal anti-inflammatory drugs (NSAIDs), colchicines, and corticosteroids. The efficacy of a short course of corticosteroids in acute gout has been empirically recognized by clinicians, and a recent trial confirmed that 35 mg of prednisolone is equally as effective as 1,000 mg of naproxen in the treatment of acute gout in patients in a primary care setting \[[@B45]\]. However, each class of drug is associated with known pharmacological side effects, and in elderly patients who present co-morbid medical conditions, their use may induce renal, gastrointestinal, or metabolic complications. This is potently illustrated in a study of the management of acute gout in the emergency room setting, which compared the use of NSAIDs (in the form of indomethacin) with oral glucocorticoids. The results showed that the two treatments were equally effective in controlling the symptoms of acute gout, but indomethacin was associated with significantly greater toxicity than a short course of oral steroids, mainly because of the gastrointestinal side effects of the former \[[@B46]\]. The knowledge that IL-1β is an important mediator of the inflammatory symptoms and signs of gout may lead to new treatment strategies that inhibit the release or the action of this cytokine. For the time being, however, the effectiveness of such an approach needs to be demonstrated in clinical trials before it can be recommended for routine use.

Conclusion
==========

Recent advances in the pathophysiology of hyperuricemia and the renal handling of uric acid have suggested new therapeutic targets for drug development for treatment of hyperuricemia. In acute gout, the understanding of how MSU crystals trigger the inflammatory response indicates that IL-1β may be a new target for acute gout therapy. Both advances indicate that new treatments may soon emerge for this ancient and still common disease.
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